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ABSTRACT

The fatigue behavior of short glass fiver reinforced PBT composites
has been investigated under different environmental conditions. Exposure to
water at high temperature causes embrittlement, while improved processing and
exposure to high humidity cause an increase in ductility. The fatigue life 1is
a function of the environmental conditioning, the stress level of the test
and the ductility of the material. The quantity (omax/<o>)2 In ty is indepen-
dent of environmental conditioning and increases with increasing ductility.
The total deformation-to-break during fatigue consists of a deformation attri-
butable to cyclic softening (eI) and a longer term deformation (eII) that
continues at nearly constant rate until failure occurs. The cyclic softening

is assoclated with cyclic stress-strain characteristics, while ¢ I is con-

I
trolled by creep and microcavitational phenomena.

The effect of water treatment on the deformation rate (éII) can be
expressed as a master curve for the distribution of éII' It is shown experi-
mentally that the scale of the distribution is a function of the stress level,
while the shape depends on the environmental conditioning.

Crack propagation rates in notched plates were measured. The crack
propagation behavior was somewhat dependent on the stress history of the material.
In the as-received state the crack propagation rate under a given set of con-
ditions tended to decrease significantly and become less sensitive to the im-
posed stress. After exposure to water, the material became embrittled and the
crack propagation rate became somewhat less sensitive to stress history, but
much more strongly dependent on the imposed stress, One could not use the

crack propagation rates to estimate fatigue life of unnotched materials be-

cause of the highly viscoelastic nature of the fatigue process.
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! 1. INTRODUCTION
Short fiber reinforced plastics are being utilized with increasing
frequency as engineering components because of a number of favorable material

characteristics. The high specific strength and stiffness with controlled

directional reinforcement, good damping properties and the possibility of

economic manufacture of intricately shaped components can be considered some
of the most important characteristics of these composites.

In recent years, considerable interest has been created in their be-
havior under monotonic and cyclic loading conditions. While fracture under
static load has received much attention, attempts to analyze fatigue failure
H under cyclic load have been relatively scarce and mainly concerned with rather
narrow and specific conditions of testing and materials. Many of the reported
investigations have dealt with the statistical variation of the failure pro-
cess and the fatigue crack propagation mechanism under a restricted set of
environmental conditions. The common purpose was to evolve a law with which,
using correlation factors such as the stress intensity factor, one could pre-
dict lifetime distributions in large populations starting from fatigue crack
propagation data. This approach has led to various models, all of which have
been demonstrated to be applicable only under restricted conditions.

This research is intended to gather more information on the behavior of
short glass fiber reinforced plastics, under different cyclic loading con-
ditions of mean stress level, stress amplitude, frequency and envir-nemnt,

and to evolve a model to predict the fatigue behavior from the statistics of

the response.
Short glass fiber reinforced polybutylene terephthalate (PBT) has been

chosen as a suitable system for this analysis. Among the linear polyesters

i cabbitanciiin -l it Al

of terephthalic acid, PBT is currently experiencing rapid growth as an injec-

tion moldable engineering thermoplastic., Its high crystallization rate coupled

!
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with good flowability and good thermal stability results in fast holding
cycles, which makes for superior processability.

Dimensional stability, due to the low water adsorption, outstanding
performance under static and dynamic loading, creep and fatigue resistance,
good electrical properties and, finally, the retention of all these character-
istics over a broad range of temperatures, humidities and time spans, make it
a strong candidate for transportation applications and for electrical and
electronic uses (1).

In the first part of this study, the fatigue failure of glass reinforced
PBT, under a specific set of environmental conditions, is examined and the
fatigue lifetime distributions are related to easily measurable physical pro-
perties. 1In the second part, the effects of the stress ratio R and frequency
on the fatigue failure mechanism are investigated. Finally, crack pronagation
rates are investigated and the data are evaluated as a predictive tool.

IT. LITERATURE REVIEW

The Statistical Aspect of Fracture

Scatter in fracture strengths occurs with all materials, The variability
of data is often attributed to defects of different sizes (2,3) or to differ-
ences in local cross-link densities (3). Both points of view provide an ex-
planation for the scale effect, i.e., the decrease of lifetime with the in-
crease in the volume of the specimen.

Recent experimental results on amorphous and crystalline polymers (4,5)
indicate that primary carbon bonds fracture throughout the specimen. When a
critical concentration of broken bonds is reached, submicroscopic cracks in-
crease in concentration and grow until fracture occurs. The local concentra-
tion of broken bonds at the tip of a growing notch was also found to be the
same as the average global concentration necessary to cause fracture (6). This

implies that there is a critical local concentration of broken bonds necessary
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to cause local failure which could be initiation of a local flaw or the ex-

tension of an existing crack. Since fracture of a bond is probabilistic in

nature, there exists a variability in the time of fracture even in specimens

that are identical at the molecular level. The spatial distribution of weak

sites is a contributing cause of the variability in failure times. In random

fiber composites, the distribution of critical flaws due to the poor material

uniformity determines the statistical variability of the failure response. A

stochastic model, thus, has to be adopted in order to extract information on

the relations between the statistics of the fracture process and the mechanical

and environmental history of the structure.

Brittle fracture originates in highly localized regions where stress is

concentrated at submicroscopic flaws. Fracture of a specimen at a given level

of stress depends on the statistical expectations of encountering a critical

1f flaws are distributed at

(or weakest) flaw having the specified strength.

random throughout a population, the distribution of strengths is statistically

related to the distribution of largest flaws appearing throughout the population.

This model is identical to the generalized asymptotic theory of extreme values

(7). For samples consisting of n elemental volumes having a probability density

function of elemental strength f(o) (i.e. f (0)do = fraction of elements having

a strength between o (0 + do)) and cumulative distribution of elemental strengths

F(o) = fgf(o)dn, the distribution of smallest values of o (i.e. the fraction of

specimens with a strength between o and (o + da)) is given by:

g (o) = nf(o) (1 - F(o)y™ L

Lo (o 2

and the cumulative distribution of sample strengths is given by:

G (1) = fg glo)do = 1 - (1 - F(e))" (2)

This 1s the probability of encountering a specimen with a strength equal to or

less than a. For the case of fracture, the elemental probability function f(0)




is unknown since the random variable o cannot be measured directly except for

the extreme value itself (i.e. the fracture stress of the material).
A model for the function f(u) has been developed by Weibull based on
experimental data on the cumulative distribution of sample strengths G(o)

(8,9). A two parameter version of the Weibull function is:

«-1

f(@ =% @) exp- H° (3)

o (o] o

which results in a cumulative distribution of sample strengths given by:

1-P@) =6() =1 - exp - n(% y? (4)
o)

where o, and o are constants and n is the number of elemental volumes in the

material. (For a population with specimens of fixed volume, n is constant and

may be combined with the constant oo.). This type of equation is widely used
to characterize the variability of strength in fiber reinforced composites
(10-17). |

The results of fatigue tests can also be characterized by the statistics

of extreme values. The specimens that fail under a given stress amplitude at

various numbers N of load cycles may be considered as forming a group of the

weakest specimens out of a large population of samples. The distribution of N

among this subpopulation may therefore be described by a Weibull function of
the form (18):

1 - P(N)S = G(N)S =1 - exp ~- (% )rlf )
(o]

where G(N) is the cumulative probability of encountering a specimen with a
life of N cycles or less under a stress of amplitude S. The parameters
N and a, are constants.
o f
Equations 4 and 5 are only two of a variety of cumulative distribution

functions that might be used to describe the strength and fatigue life dis-

tributions of fiber reinforced materials. More complex forms must be used




when factors such as a lower limiting strength, endurance limits, biomodal
elemental probability distributions or induction times for crack nucleation
must be considered.

Regardless of the exact functional forms for the cumulative distribution
equations, it is likely that if both breaking strengths and cycles to failure
can be described as Poisson processes, one should be able to find a functional
relationship between the two quantities at equiprobability points in the re-

spective distributions, i.e,:

(N = £(o,) @ P(N)_ = P(0,) (6)

This idea will be used to develop a single "master-curve' of fatigue-life
versus breaking strength for a given population of material. The master curve
will then be used to estimate changes in fatigue lifetime caused by environ-
mental degradation.

Fatigue in Polymers and Composites

Several modes of fatigue failure are observable in glassy polymers:
creep, brittle failure that involves craze initiation and crack breakdown
(true mechanical failure), thermal softening, or a combination of effects.
The polymer fatigue behavior is controlled by both the material variables and
the nature of the fatigue test. Some of the material variables identified
include the toughness of the polymer, degree of crystallinity, relative
importance of homogeneous versus heterogeneous deformation (including the role
of crazing), and the location of various damping peaks relative to the time
and the temperature of the fatigue test.

The test conditions themselves also have a major effect on the fatigue
performance of a given polymer. For example, thermal effects are enhanced
by thick specimen dimensions, by the absence of notches, by the use of high

strain rates, large strains and by high frequencies.
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In cyclic fatigue of ductile polymers, a cyclic softening process is
always present which 1is independent of the specific deformation mechanism
acting during fatigue (19). Different failure mechanisms or testing variables
do not affect this overall response in kind but only in degree,

Only at very low strain levels can one ignore cyclic softening in semicrystal-
line, amorphous and composite polymeric materials.

This decrease in the resistance to nonelastic strain, as cyclic deforma-
tion proceeds, is a homogeneous mechanical phenomenon unrelated to total
effects, such as crack propagation, but connected primarily to the anelastic
and viscoplastic components of the strain., If we refer to a strain-controlled
fatigue test, four different regions can be observed during the softening
process:

1) An initial, or incubation region, usually very small

and not always present, characterized by a macroscopic
and stable cyclic softening

2) A transition stage, in which the peak stress decreases

rapidly

3) A cyclic steady state region where a new stable state is

attained and the greatest part of the fatigue process is
spent

4) A region of crack propagation terminated by fatigue fracture.

For polymers with relatively nonhomogeneous microstructures, i.e., com-
posites containing a high volume fraction of the second phase, the third region
is not truly stable and a gradual softening occurs throughout the fatigue life
after an initial macroscopic softening. In addition, the first stage, i.e.,
the incubation region, is usually absent in fiber reinforced composites. It

is important to note that the softened state represents a new stable state

PR e e
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of the material since recovery processes are very slow at ambient temperature
and zero stress.

Cracks can initiate during the very early cycles of fatigue even in un-
notched samples of short fiber composite materials since they invariably con-
tain flaws of some kind due to the fabrication process. Two modes of interest
may be noted in the mechanical fatigue response of a glass fiber reinforced
plastic (20):

- When the applied cyclic stress is high enough to be within the fiber

strength distribution, there is a high fiber failure density in the

first cycle. Failure then occurs by the coalescence of local fiber

breaks which then propagate to connect other such regions until the
specimen fails catastrophically.

- At intermediate levels of cyclic stress, microcracks are initiated

in the matrix phase and propagate during cycling until delamination
begins.

Several models have been proposed for fatigue crack growth., J. Williams

(21) assumes that the effect of cycling is to reduce the craze stress to some

proportion of the original value depending on the degree of unloading. Suc-

cessive loadings result in growth of the craze with a corresponding increase in

crack opening displacement. At some critical value of this displacement, crack

PRSI SPASp,

growth occurs and the rate of growth is related to the applied stress intensity
factor. Since the craze at the crack tip in a stressed polymer is a system of ‘
interconnected voids in which the ligaments of material between the voids pro-
vide the strength of the craze, it is reasonabhle to expect that some of the
ligaments will be damaged, i.e., the craze stress will be reduced, by cyclic
loadings and unloadings.

From fatigue crack growth studies on PVC gheets, N.J, Mills and N. Walker

(22) have concluded that crack prowth occurs discontinuously once every few




hundred cycles while craze growth occurs continuously at the crack tip. In

addition, they show that except at very high strains, the crack does not jump

——y

the full length of the existing craze when it grows, but it advances only a
fraction of the craze length. This mechanism is confirmed by observations

of the fatigue fracture surfaces which show striations regularly spaced, each
band corresponding to the incremental advance of the crack. Similar results
have been reported by other investigators (23,24). Kambour (25) emphasizes,

as another peculiar aspect of craze deformation for fatigue fracture, the re-
laxation behavior associated with the yield of material in and cut of the craze
as the load is alternately increased and decreased. A role for hysteretic
heating, In a small volume element at the crack tip, has also been hypothesized
(26,27) but the overall mechanism is still clearly different from thermal
failure which is observed under high frequency and for high load test conditions.

Transition from brittle cracking to thermal softening has been found to
depend on cyclic wave form and frequency, mean stress, load amplitude, and
surface area to volume ratio of material (28). Analytical relationships have
been developed which reveal this softening mechanism to be related to the loss
compliance of the material, the stress level, test frequency and thermal pro-
perties of polymers (29).

The internal damping characteristics of polymers have also been reported
to undergo changes during cyclic loading, probably due to a non-uniform volume
contraction induced ly fatigue loading in the structure of the material (30).

R.J. Crawford and P.P. Benham f31) have found that the stress for change-
over from thermal solftening to mechanical failure, for some common thermo-
plastics (acetal, PMMA, polypropylene and unfilled polytetramethylene tere-
phthalate PIMT), Is related to the eycelic frequency and surface arca to volume

ratfo. ‘The eflfect of a sharp noteh has been found to reduce the thermil

effect so that, for example, fatigue fallures are produced in polypropylene




and PTMT under stresses which would only produce thermal failure in un-

notched material.

Fatigue Crack Growth Laws

A number of fatigue crack growth laws have been proposed, most of them
based on the application of linear elastic fracture mechanics principles to
the fracture analysis of elastic materials. The widely known crack propaga-

tion equation, due to Paris (32), has been successfully applied to the analysis

of cyclic crack growth in many materials for elastic or quasielastic situations:

d(2a)/dN = ¢ (AR)™ @)

where 2a is the crack length, N is the number of cycles, AK is the range of

the stress intensity factor, AK = K , while ¢ and m are numerical con-

max-Kmin
stants dependent on the material tested, the environment and the conditions
of cyclic loading.

Many authors have reported a strong FCP dependence on mean stress in-
tensity K as well as on AK (33-38). From fatigue tests on PMMA and PC
center-notched plate specimens, Radon and Culver (33,34,36) have reported a
distinct influence of both Km and AK on crack growth rates and a FCP increase
with increasing values of Km, other testing conditions being equal. The
crack growth rate was found to increase with increasing values of A, where
2 2

-K )} = 2AKK . From their obhservations they have also concluded
max min m

A= (K
that fatigue crack growth can be divided into three different stages, each one
differently affected by mean stress and stress range.

Sauer and co-workers (35) have investigated the fatigue behavior of PS
both in completely reversed axial stress and at various superimposed mean

stress values. By varying the mean stress with a fixed value of AK, the

logarithm of the fatigue life has been found to decrease linearly with




increasing mean stress over the stress range investigated. Conversely, by

keeping the peak stress constant while varying the mean stress, the specimen

fatigue lifetimes have been found to increase steadily with increasing mean
stress. At high values of the imposed stresses, they have reported fracture
characteristics very similar to those of static fracture. The endurance
limit, i.e., the stress amplitude value at which the fatigue lifetime is 107
cycles or greater, has been found to be a strong function of the mean stress.
On the basis of completely reversed loading tests, they also demonstrate the
deleterious effect on fatigue lifetime of stress cycling into compression,
probably due to a certain amount of sharpening of the crack tip during com~
pression.

From all these observations, it can be deduced that FCP behavior of
polymers is strongly influenced by the stress amplitude, the mean stress and
maximum stress, the more effective depending on the specific loading condi-
tions. At very low mean stresses, the stress amplitude effect prevails and
becomes more important for strain sensitive materials. At medium values of
the mean stress, the crack growth rate seems equally dependent on AK and Km,
while, at very high mean stresses, creep effects dominate and the total FCP rate
may be viewed as consisting of the summation of fatigue and creep. 1In this
case, crack growth rate is mainly regulated by the Km value. Stress amplitude
and peak stress also affect the rate of energy dissipation, and, at very high
values, thermal softening may occur depending on the loss compliance and the
heat transfler characteristics of the sample.

Environmental Effects

The effects of environment on the mechanical behavior of fiber reinforced
epoxies have been extensively reviewed by Ishai (39,40). Ishai has suggested
that there are two effects of water penetration on composite strength, one

the reduction of interfacial toughness and, consequently, of composite tensile




strength and second stress-environment induced damage such as matrix cracking,
interfacial debonding and chemical deterioration of the glass fibers with
irrecoverable weight loss with time. The weight loss of GRP specimens under
hot water exposure has been attributed to a temperature dependent attack on
the glass fiber surface and the interfacial coupling agent phase by the water,
with consequent leaching and removal of the glass constituents. Many other
authors have reported similar degradation effects on the mechanical properties
of composite materials (41-43). Y.W. Mai (43) has investigated the fracture
behavior of short glass fiber reinforced polystyrene for three environmental
conditions: air, water, and hot water exposure at 363°K. The glass filled
composites have, for a given temperature, lower resistance to crack propaga-
tion when tested in water and when subjected to hot water absorption and sub-
sequent drying. In this case too, the fracture toughness degradation has been
explained as the result of both a reversible and irreversible damage due to
water penetration.

111, EXPERIMENTAL PROCEDURES

Materials

Approximately 400 injection molded ASTM standard dog bone specimens of
glass fiber reinforced polybutylene terephthalate composites containing 20 (*1)
percent by volume glass fiber were obtained from the Hooker Chemical Company.
In addition, several pounds of the same material in pellet form were obtained
in order to prepare fracture toughness specimens, The specimens were annealed
under vacuum for 48 hours at 150 C. One hundred sixty of these were then placed
in an environment of air at 23°C and 55 percent relative humidity, another 80
in air at 23 € and 95-100 percent relative humidity, another 80 in boiling
water for 192 hours and the remaining 80 in 70 C water for 504 hours. The

test bars came from four different injection molding runs. Preliminary stress-




strain data indicated that from a statistical point of view, three of these

runs (of 100 specimens each) produced identical populations. The fourth run
of 100 specimens produced a population with slightly higher ductility and
strength in the as-received state and subsequently proved to have a greater
fatigue 1life in the as-received state. These differences, however, dis-
appeared after long term exposure to 70 C or boiling water. The five popula-

tions used in this study are designated in the following manner:

1-RH55 High strength population - as received

2-RH55 Normal population - as received

3-RH100 Normal population - exposed to 100% relative humidity
4-BW192 Normal population ~ exposed to boiling water for 192 hours
5-HW504 Normal population ~ exposed to 70% water for 504 hours.

Tensile Testing Procedure

The stress-strain behavior of the five populations was established by
testing about 15-20 samples per population on an INSTRON 1230 electrohydraulic
closed~loop testing system. Experiments were conducted at a crosshead rate
of 0.2 in./min, at 23 C and 40 percent humidity (normal room conditions). The
ultimate strength, the elongation~to-break, the initial tangent modulus and
the modulus of toughness were calculated for each specimen.

Fatigue Testing Procedure

A sinusoidal oscillation, at a fixed frequency of 10 Hertz and at a con-

/

stant ratio of minimum to maximum stress equal to 0.67 (i.e., R

= MmN/ max

2/3), was employed using the INSTRON 1230 testing machine.
Each specimen was subjected to cyclic tension under selected maximum and

minimum values of load. Different stress levels 1. (i.e. L. = X/<0b>) were

TMA
used for different sets of specimens, 907 of the breaking strength being the

maximum level chosen. The load levels were constantly monitored on an oscil-

loscope during each run.

—
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From the fatigue tests, the time to break of each sample was determined

by means of an automatic cycle counter and the rate of strain during fatigue,
in terms of change in the strain level per cycle of deformation, was determined
by measuring the maximum axial displacement as a function of time.

Effect of Frequency

In order to examine the effect of frequency on the fatigue behavior,
specimens from the population 2-RH55 were tested under cyclic loading condi-
tions between frequencies of 1 and 45 cycles per second (Hz). The fatigue
tests were conducted in fluctuating tension at different maximum stress at a
constant stress ratio R equal to 2/3.

The strain rate was monitored as a function of frequency whose range was
scanned several times for each specimen until steady values for the strain
rates were obtained, i.e., until the same strain rate was obtained at the same
frequency level during two consecutive scans.

Effect of Stress Ratio

The cyclic behavior of short glass fiber reinforced PBT under different
amplitudes of load (i.e. different ratios of minimum to maximum stress, R)
was also examined. The measurements were performed on specimens from the
population 2-RH55 at a fixed frequency of 10 Hertz, with stress ratios ranging
from 0.42 to 0.92 and at two different values of the maximum stress level L.
Strain rates were reported at different values of the stress ratio. The whole
stress ratio range was scanned several times until steady strain rate values
were obtained.

Measurement of Crack Propagation Rate

Crack propagation tests were made using 2.24 inch wide compact tension
specimens (44) made from extruded sheets which were then laminated and com-
pression molded to form one-half inch thick specimens. Pre-notched specimens

were precalibrated by machining cracks ol a given size and measuring the plate
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compliance and crack opening displacement as a function of crack size. An
"effective'" stress intensity factor can be calculated from the applied force
and the compliance of the specimen. Tests were performed at 10 Hertz,
varying the stress intensity range and the value of the maximum stress in-
tensity during cyclic fatigue, Kmax‘ At fixed values of load and amplitude,
the flaw propagation rate was constant within experimental sensitivity and
the initial values of the parameters were used to correlate data. The
mechanism of growth appeared to be the same as in graphite reinforced nylons,
studied previously (17). That is, the stress concentration around the flaw
tip causes the region around the tip to progressively decrease in strength,
through fiber and fiber/resin interface failures. When the material is weakened
locally to a critical point, crack propagation occurs rapidly and failure en-
sues. If the load is increased prior to catastrophic failure, the crack
opens and grows to a new "equilibrium" size and the damage then occurs at a
faster constant rate. In these glass reinforced PBT composites, the value of
the crack propagation rate appears to be dependent on the stress history of
the material.

IV. EXPERIMENTAL RESULTS AND CONCLUSTIONS

Tensile Stress-Strain Behavior

Typical tensile stress—-strain curves for two extremes of behavior are
shown in Figure 1. Specimens from other populations have basically the same
response. All populations exhibited a statistical variation of properties as
illustrated in Figures 2 to 4. When plotted on Weibull coordinates, as illus-
trated in Figure 5 for population 2RH55, the ultimate properties appeared to
conform to a bimudal Weibull function. The specimens in the low strength,
low ductility tail of the distribution also appeared to exhibit a more brittle-

type fatigue faflure in subsequent fatigue tests. Also shown in Figure 5 is




a single example of a plot of &n(-2n P) versus &n ty (fatigue life) for ome
set of fatigue testing conditions. In spite of the pronounced bimodal be-
havior of the ultimate properties, the fatigue life distributions conformed
much more closely to a simple, two parameter Weibull function. Of the number
of specimens used to define a given population (of the order of 20), usually

3 to 4 were in the low ductility, low strength tails of the ultimate property
distributions, while no more than 1 or 2 would appear to form a short lifetime
tail different than that of the remaining distribution. In either case it

was almost impossible to define parameters to describe the low-probability i
tails with any reasonable degree of certainty. In order to estimate mean 1

properties for the distributions, a two-parameter Weibull function was used to

describe the longer, higher strength, higher ductility portion of the distribu-—
tion (Table 2).

All stress-strain curves were non-linear to the point of failure. Within
the experimental accuracy of the recording system, the response was approximate-
ly linear only to about 0.003 to 0.005 in/in tensile strain (i.e. the initial
10-20 percent of the stress—strain curve). An initial tangent modulus could
be defined by the slope of this region. The results are indicated in Table 1.

The initial tangent modulus did not vary very much with treatment. There

appears to be, at most, a 10 percent decrease in modulus with long-term exposure

to water, accompanied by a greater degree of non-~linearity of the stress-

strain curve. This is likely associated with the change in ductility of the
resin phase, but the presence of the fibers limits the change in stiffness of ]
the material. The statistical variation of the order of + 100,000 psi is also

of the order of 10 percent and is likely associated with compositional varia-

tions from piece-to-picce and oricentation differences from piece-to-piece
associated with the molding process.
The theoretical modulus of a random-in-a-plane PBT composite containing

20 percent by volume of 6 mm {ibers is of the order of 1,025,000 psi. Having




been injection molded, the specimens did have some orientation in the sur-
face, which would lead one to believe that the calculation is conservative.
Nevertheless, the experimental modulus is probably close to the theoretical
value. A composite fiber efficiency of the order of 80 to 90 percent is con-

sistent with good adhesion between phases. Proof of good adhesion indepen-

dent of the effect of water treatment, will be presented in a later section
using electron microscopic evidence.

The more interesting variables are summarized in Table 2. The first as-
received population (1-RH55) is somewhat stronger and tougher than the second
(2-RH55). The difference in strain~to-break is the most significant, the
former having an average strain to break of 3.2 percent compared to 2.9 per-
cent for the latter. The physical appearance of the 1-RH55 population was also
much better. It was the only group of specimens without noticeable surface
blemishes. Upon inquiry, it was discovered that the first batch was produced
with a different mold than the others, which for some reason unknown to the

manufacturer of the specimens resulted in a cleaner, more defect-free batch of

specimens. It will be shown later that this condition of "improved" processing

also resulted in a very significant increase in the average fatigue life of
the population.

Since 300 of the specimens were of the type in population 2-RE55, this
group should be considered the reference population. It should be noted, how-
ever, that the differences between 1-RH55 and 2-RH55 were washed out by long-
term exposure to hot or boiling water. Once the ductility of the specimens
deteriorated, all behaved in the same brittle manner.

Tensile strength, ductility (strain-to-break) and toughness (area under
the stress-strain curve) all deteriorated upon exposure to hot or boiling

water. As expected, the long-term offects were greater in boiling water,




+

than in hot water. Electron microscopic evidence indicated that neither the
glass nor the interface was much affected by the treatment, but that the
polymer phase was considerably more brittle. Thus, water absorption into the
polymer phase was responsible for the deterioration of the composite pro-
perties. The average tensile strength was reduced by boiling water to 64
percent of that of the as-received material, while the strain-to-break de-
creased to 52 percent and toughness decreased to 28 percent of the values for
the as-received material. The 70 degree water exposure caused corresponding
deteriorations to levels of 81 percent, 69 percent and 47 percent respectively.

The exposure to 100 percent humidity at room temperature resulted in a
small decrease in tensile strength (93 percent of as-received), but a sub-
stantial increase in strain-to-break (to 3.3 percent from 2.9 percent) and
some increase in toughness (6 percent greater than as-received). In this case,
the smaller amount of water absorption at lower temperature resulted only in
a plasticization of the polymer phase, without the deterioration of the polymer
that occurred because of the combined effects of high temperature and water
absorption.
Fatigue Life

Fatigue tests have been carried out under cyclic tension at different
maximum stress levels, keeping frequency and stress ratio R constant at 10
Hertz and 0.67 respectively. The testing conditions are summarized in Table 3.

Cumulative distribution functions for each population were calculated for

and are illustrated in Figures 6 and 7 for populations

the time-to-break, tB,
.

2-RH55 and 4-BW192 respectively., When plotted on Weibull coordinates, in all

cases the data conform to a straight line and can be described by a two-parameter

Weibull function (except for the lowest onc or two points as discussed pre-

viously and shown in Figure 5). Shape (1) and scale (to) factors as well as
. X 2

the average values of tB and the coefficients of determination (r”) are sum-

marized in Table 4.
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At the maximum fatigue stress levels used, none of the specimens survived
one million cycles or more. It is clear from the data, however, that the hot
and boiling water treated populations, being more brittle than the others,
fail prematurely at the same relative stress level (i.e., relative to the
average strength of the given population). In order to estimate an apparent
endurance level for each population, several fatigue tests were run ét lower
stresses. The more ductile populations (2-RH55 and 3-RH100) appear to reach an
endurance limit in the range of maximum stress of L = omax/<0> = 0.65 to 0.75,
while the more brittle populations (4-BW192 and 5-HW504) required a reduction
in maximum stress to of the order of L. = 0.45 - 0,55, Thus, not only did the
maximum allowable stress at the endurance limit decrease with a decrease in
the average strength of the population, but a decrease in ductility appears
to worsen the fatigue response, requiring a proportionally greater decrease
in stress level to stay at the endurance limit of the material.

The effect of ductility on the fatigue response can be generalized by

plotting elongation to break e versus time-to-break ty for equiprobability

b
points in the respective distributions., All of the data are plotted in this
manner in Figure 8. Within the accuracy of plotting the data in this manner,
there appears to be a nearly linear relationship between the logarithm of %

and the logarithm of t_ at equiprobability points in the respective distri-

B
butions, not withstanding the few points in the low-ductility tails that did
not conform to simple Weibull statistics. The two numbers labeling each line
in Figure 8 are an identification number for the population and the relative
stress level, L, of the fatigue test (i.e., 1/0.90 signifies the first popula-

tion listed in Tables 2 and 4, fatigue tested at a stress equal to 0,90 of

the average strength of the population).
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A single master plot of the data can be obtained by shifting along the
absicca using a multiplicative factor of L2 = [omax/<o>]2. Although a well-
defined single curve is not obtained, as shown in Figure 9, all data fall
in a narrow band defined by two intersecting regions of space.

An implication of this exercise is that for a given value of elongation-

to~break (i.e., ductility), there is a nearly constant value of the quantity

2t Lol i B e i i i Y i

2 2
[cmax/<0>] n tB’ or tB « exp - C/LY, where the constant C increases as a
function of elongation-to-break. There is clearly a sharp change in response

at - n ey = 3.45 - 3.55 (ab = 0.029 - 0.032), with the ductile materials ex-

hibiting a much longer life at a given value of L than would be expected

from an extrapolation of the data for the more brittle materials. For example,

= 0.015, L2 fn t, = 3.6 to 3.8. If one defines an apparent

B
endurance limit as tg = 105 seconds (1 million cycles @ 10Hz), then L at the
endurance limit is about 0.56 to 0.58. At a value of Eb = 0,033, L2 in tB =

at a value of b

5.7 to 6.3, and L at the endurance limit is about 0.70 to 0.74. From the aver-
age strength data of Table 1, the maximum fatigue stress at the endurance
limits would correspond to roughly 6400 psi for an average specimen in the
brittle population (e.g. population 4~BW192) and roughly 12,600 for an average
specimen in one of the more ductile populations (e.g. population 2-RHS5). The

few fatigue tests run near or below the endurance limits confirm these

estimates.

Cyclic Softening

The rate of strain was monitored during all cyclic fatigue tests. A
typical curve of strain versus time, obtained in a load controlled fatigue
test in which the load limits were held constant, is shown in Figure 10.
Three different regions can be discerned during the softening process:

1) An initial, transition state, usually very short and always present,

characterized by a macroscopic cyclic softening. Tn this stage, the
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nonelastic strain increases rapidly under the constant peak stresses,
until it reaches a steady rate of growth.
2) A region where a gradual softening occurs with a constant rate

whose value depends on the sample characteristics and stress

level. This state, resembling a steady-state creep of the material, '
comprises the greatest part of the fatigue process.

3) A final region where either the nonelastic strain increases rapidly
until specimen failure occurs or the strain rate decreases to nearly
zero so that no further change in the material is apparent. The
latter occurs below the endurance limit of the material.

This continuous softening behavior is common in polymers with hetero-
genous microstructures, such as composite materials. The above-described
softening process is not thermal in nature. The temperature of the material
increased quickly to 5 to 20 degrees above the ambient temperature (depending on
the stress level and amplitude) due to hysteretic self-heating and then re-
mained constant upon reaching a steady state of heat transfer. The only
transitions discernable in a differential scanning calorimeter commenced at
about 225°C, so that the effect of a 20 degree rise in temperature on pro-
perties is negligible.

The total strain-to-break consisted primarily of the sum of the strains
during the first two stages. The contributions during these two stages were
estimated by extrapolating the "steady-creep' curve back to the origin of the
plot to determine, €7» an initial strain due to a nearly instantaneous cyclic-
softening. The strain contributed by the "steady-creep," £17» Was calculated
from the difference between the strain-to-break in fatigue Fbf and the strain
due to cyclic solting. In general, these two contributions were of the same

order of magnitude, as illustrated by the data in Table 5. The magnitude of

both contributions appear to depend on the stress level, increasing with in-
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creasing maximum fatigue stress. For a given population under constant
i loading conditions, there was a complex distribution of values for € and
€rpo the magnitude of which is characterized by the range of extreme values

reported in Table 5. The sum of the two contributions, that is the total

elongation-to-break in fatigue, was related to the elongation-to-break in the
stress-strain tests. The trends in this regard are illustrated in Table 6,

The data are divided into three groups: materials of high ductility (eb>3.3%),
materials of intermediate ductility (3.l>eb>2.0%) and materials of low ]
ductility (l.8>sb>1.3%). In general, the magnitude of the two contributions

and the total strain-to-break in fatigue decrease with decreasing ductility.

The ratio of elongation-to-break in fatigue to the elongation to break in a J
stress-strain test, Ebf/ab’ also tends to decrease with decreasing ductility. ‘

Thus, from Table 6 one can see that with the high ductility materials 2

attains 50 to 707 of the value of €y while with the low ductility materials

€, g can attain only 30 to 50 percent of ¢

b
This is still another indication that the embrittlement of the material

b

causes a greater than proportional decrease in the fatigue properties.

) During the second stage of deformation in fatigue, the rate of deforma-
tion during a specific test is nearly constant, (except very close to the en-
durance limit where it tends to decrease with time)., A "steady-state" creep
rate can be measured from the slope of the strain (at peak stress) versus

| time, as in Figure 10. 1In a series of tests on a given population under con-

stant test conditions, the measured rate of deformation distributes as a

normal distribution about a mean. A typical result as shown in Figure 11

for population 4-BW192 tested at different levels of maximum stress. The

probability distribution curves are drawn using the variable sln(de/dt)-1

with units of seconds per unit of strain. The low rate of deformation tail

P({-1)>0, represcnts long-lived specimens, analogous to the distribution

e r————— L et n ¢ l———
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curves used to describe the distributions of time-to-break (Figure 7, for
example). By analogy with the time-temperature éuperposition principles
used to generate master curves of viscoelastic properties, the distribu-

tion curves were shifted along the time axis using a shift factor aé-l, where:
= tn(z—) (8)
€

That is to say, a given value of é-l is divided by the shift factor aé—l in

order to superimpose the resulting value on the reference curve. The em-
brittling effect of water treatment was examined by using all of the experi-
mental data for populations 2-RH55 (the as-received state), 4-BW192 and
5-HWS504 under all of the fatigue conditions studied. The resulting master
curve is shown in Figure 12, using the as-received population at a maximum
stress level L = 0.70 = omax/<0> as the reference state. The appropriate

shift factor could be divided into a scale factor dependent only on the level

of the relative stress (L) and a shape factor that depended only on the water

treatment:
- a a
a, b2 geale - shape ¢))
where
? scale = £ (a___/[<a) (10)
sca‘e = T nax! <97
and
shape = 1.0 for the as-received state (11)
. =1
a (Eg )/
shape = / (é ~1) for both water-treated (12)
R populations
where ER-I is the inverse of the rate of deformation in the reference state
at any point in the distribution and ¢ "' is the inverse of the rate of

R

deformation in the reference state at the point in the distribution

Pep=1y < 0.368.
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To a first approximation, the effects of peak stress and environment
were separable. A changing relative stress state under constant environmental
conditions caused a shifting of the distribution curve along the time axis,
without changing the shapes of the distribution, while the environmental
treatment caused a change in the shape of the distribution curve.

The appropriate scale factor is shown in Figure 13, plotted on the semi-

logarithmic coordinates of £&n a versus 0.7 (omax/<0>):l The scale

scale
factor is thus 1.0 at the reference stress state of cmax/<o> = 0.7 and varies
very nearly linearly in semi-logarithmic coordinates, as might be expected.

All the data except for one run, namely population 4-BW192 tested at L = 0.65,
fell quite well on a single master curve. The reason for the deviation of

those data is not clear.

The reference state is arbitrary. If one chose the water-boiled popula-
tion 4~BW192 at L = 0.70 as the reference state, the reéult wouid be described
by Figure 14, The same scale factor is used, but the shape factors are in-
verted (a shape = 1.0 for 4-BW192).

Figure 15 i1llustrates the difference in shape between the as-received and
the water-treated populations when compared at the same level of relgtive maximum
stress in fatigue L = 0.7. If one considers the as-received state as the
reference state, the data for the water-treated populations are shifted by the

appropriate scale factor a s When shifted to equivalent levels of stress,

cale’
however, the shapes of the two distributions are quite different. The water-
treated populations have a much broader distribution. Thus, the embrittle-
ment of the material results in a lowering of strength and a broadening of the

fatigue response. This means that at the same level of relative maximum

stress in fatigue, one would encounter a larger number of premature failures

even though the average response (in this case at P = 0.368) of the two
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populations is the same. The shape of the cumulative distribution and thus the
reliagbility of the material is affected by the environmental conditioning.

Effect of Test Frequency on the Rate of Deformation During Fatigue

Specimens from population 2-RH55 were tested under cyclic tension between
the frequencies of 1 to 35 Hertz, at a number of maximum stress levels and at
a constant stress ratio R equal to 2/3. The rate of strain at peak stress was
monitored continuously as a function of frequency, and the frequency range
was scanned several times for each specimen.

Figure 16 illustrates the behavior of all specimens. Upon scanning the
frequency for the first time from 1 to 35 Hz the deformation rate decreased
rapidly until a minimum was reached at 20 Hz and then it increased. llpon re-
scanning the range 35 to 1 Hz., the rate of deformation dropped continuously,
not reproducing the rates from the original scan. The third scan, 1 to 35 Hz,
resulted in a steady increase in rate of deformation, again not reproducing
the first or second scans. It was only after the fifth scan that the data
could be reproduced on successive passes. The '"steady state'" rate of deforma-
tion then appeared to increase linearly with frequency, with the slope depen-
dent on the maximum applied stress. Beyond a maximum applied stress level of
L = 0.75, the response was time dependent during the whole life of the
specimen. The temperature increased no more than 10-20 degrees centigrade over
the frequency range, not enough to account for the large excursions of behavior.

Thus it is clear that the viscoelastic properties of the material under
fatigue conditions are changing continuously with time. In the region near

the endurance limit, an initial transient behavior is followed by an apparently

"steady-state' response. At stresses above the endurance limit, the viscoelastic

properties appear to change almost continuously with time.
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Effect of Stress Ratio (Amplitude) on the Rate of Deformation During Fatigue

Specimens from population 2-RH55 were tested under different amplitudes
of loading at a fixed frequency of 10 Hertz and at two different maximum

stress levels of L = 0.6 and 0.7. The test conditions are summarized in

Table 7. The stress ratio R was scanned over the range 0.42 to 0.92 several
times until a "steady state" deformation rate was attained. A typical result
is illustrated in Figure 17. Once again, the deformation rate decreased con-
tinuously through several scans, until a steady-state was attained from the
fourth scan on.

The rate of deformation response in "steady-state' is quite complex,
showing a minimum in the range of R = 0.55 to 0.65. The value of R at the
minimum increases slightly with the maximum stress level L. The magnitude of
the rate of deformation also increases with (L) and above a value of L = 0,70
the specimen fails while the material is still in a transient state.

At higher amplitudes (low values of R) there is considerable hysteretic
heating that causes the material to ultimately fail in thermal fatigue. On
the contrary, virtually no hysteretic heating is apparent at smaller amplitudes
(values of R greater than 0.6) and the fatigue failure is characterized by a
crack propagation mechanism. Under all conditions, there is an apparent creep
occurring that becomes more important as the maximum applied stress increases,

Thus, both the amplitude and the maximum applied stress have a strong

effect on the fatigue failure mechanism. Under small amplitudes and high

peak stresses, that is to say quasi-static loading conditions, an apparent
creep becomes the predominant deformation mechanism, Under large amplitudes

. and high peak stresses, hysteretic heating leads to a thermal fatigue mechanism.
At lower peak stresses and small or intermediate levels of amplitude, the

fatigue faflure is more typical of a crack propagation controlled failure

mechanism.

o
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It appears that all three mechanisms of failure contribute to the response
over the range of frequency, maximum stress and stress amplitude normally
encountered in the testing of composite materials. Furtherﬁore, under these
circumstances, the observed failure mechanism is likely to be sensitive to
both the geometry of the test piece and the type of fatigue test used, thus
making it very difficult to correlate laboratory tests with field tests on par-
ticular types of hardware.

Electron Microscopy Studies of the Fracture Surfaces of Tensile Tested and

Fatigued Specimens.

Scanning electron micrographs of the fracture surfaces of randomly chosen
specimens from each population, tested in both fatigue and under a ramp loading
of 0.2 inches/minute (stress-strain tests), were examined. Figures 18 to 22
are illustrative of the results of these studies.
One common feature of all the photographs taken is that the fiber pullout
length does not change very much because of either exposure to water, the i
level of the stress or the type of test. From the length of the fibers pulled
out of the surface parallel to the loading axis, it is possible to estimate
the strength of the interfaces using a shear lag analysis. From the Kelly-

Tyson shear-lag model, the yield strength of the'interface," or the resin at the

interface, 1s;
crdf
T = -——22 (1-3)
c
where 0 is the average fiber strength, df is the average fiber diameter and
2c¢c is the critical length of the fibers (taken here to be two times the
maximum pullout length of fibers vriented parallel to the loading axis).
Using an average fiber strength of 250,000 psi, an average fiber diameter of

4 x 10—4 in. and the measured values of critical length, one calculates an

average interface strength t of the order of 3,500 to 6,000 psi. The variation




from point~to-point on a given specimen is greater than the differences from

specimen to specimen. This bond strength is about the same as the yield
strength of the PBT matrix. Thus it is felt that the adhesion between phases
is relatively high and not strongly affected by the exposure to humidity, hot
water or boiling water. It is likely that neither the fiber strength nor the
interfacial strength were much affected over the range of environmental con-
ditions studied, but rather that the major differences in behavior are
attributable to the change in ductility of the PBT phase.

Figures 18 and 19 illustrate fracture surfaces for the as-received pop-
ulation 2-RH55 under ramp loading and fatigue respectively. Although there
seems to be a difference in the appearance of the surfaces under the two types
of loading, the distinction is misleading. Figure 19 shows two details from
exactly the same fracture surface, but at two different points. Near the far
edge of the specimen the fracture appears to have occurred with less plastic
deformation than in the center of the fracture plane. In fact, the variation
in appearance on a given fracture plane is considerably larger than the dif-
ferences from specimen to specimen.

Without a preknowledge of what one was looking at, it would be very dif-
ficult to distinguish the fractures generated by ramp loading from those
generated by fatigue. We could not find characteristic rings or other fatigue |
markings to distinguish one type of failure from the other.

Examination of population 3~RH100, exposed to high humidity, indicated a
much higher degree of resin deformation on the fracture surface, as illustrated
by Figure 20. Among the specimens examined, one could find relatively few
areas of low resin ductility.

Figures 21 and 22 illustrate fracture surfaces of specimens exposed to

boiling water (population 4-BW192). The resin appeared to fracture in a more




- 28 - ;

brittle fashion and in many places appeared to be very powdery. The inter-
faces at pulled out fibers were much sharper than before, even though the pull-
out lengths were roughly the same.

It appears that tﬁe differences in mechanical response, in both ramp and
fatigue loading, are attributable primarily to the ductility of the resin phase.
Water absorption due to high humidity at ambient temperature plasticizes the
resin phase, while exposure to hot and boiling water embrittles the resin
phase, probably through degradation.

Crack Propagation Rates

Crack propagation tests were made using compact tensile specimens. The |

two conditions studied were materials in the as-received state and after 192
hours in boiling water. Crack propagation was studied as a function of both
maximum applied stress and stress amplitude, at a fixed frequency of 10 Hz.
Continuous monitoring of the upper limit of stroke at the point of load
application was obtained by feeding the stroke output signal into a sampling
and hold device. From the ratio of the upper limit of the stroke to the peak

load, one can obtain an instantaneous compliance for the notched plate:

u
Cc = Pmax (14)
max
The change in compliance with time was monitored and an "effective" crack
propagation rate was defined as:
C dC
4 . €/ (/ad (15)

The derivative dc/da was calculated from a calibration run in which compliance
was measured as a function crack size in a prenotched specimen.

An "effective” plane stress intensity factor was also computed from:

2
2 _EP dC (16)

K" = wmav) G
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where E is the elastic modulus, W is the width of the plate, v is Poisson's
ratio, P is the load and (dc/da) is the first derivative of the compliance
with respect to the crack length. Maximum and minimum values of K could be
calculated from the maximum and minimum values of the applied load during
fatigue.

Effective propagation rates were then correlated as a function of the

stress intensity factors using the Erdogan Fquation:

da

= a3 &2
dt B Kmax Ak an

B K:ax (1-R)" (18)

where B, m and n are constants, Kmax is the maximum applied stress intensity
factor during fatigue and R is the ratio of minimum to maximum stress in-

tengity, R = K__. /K

min’ max’

A critical value of the stress intensity factor, Kc, was also measured
by the standard technique (44).

Results for the two environmental conditions are given below:

As-Received Ke = 11,100 = 600 lbf/in 3/2

For 5000 < K < 10,000 lbf/in3/2
max
1/3 <R < 2/3

frequency = 10 Hz

da inches _
dt min. @R =23

K = 5,000 10,000
max

da inches _ -12 2.6 2.3 -3 -3 1
it win. 3.4 x 10 Kmax {1-R) 1.13 x 10 6.8 x 10 .

lst pass r2 = 0.90
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da inches _ -11 2.4 2.3 -3 -3
it oin. = 1.3 x 10 Kmax (1-R) 0.78 x 10 4.1 x 10
2nd pass r2 = 0,85
da inches _ -11 2.3 _ov2.3 -3 ~3
it min. . " 2.0 x 10 Kmax (1-R) 0.51 x 10 2.5 x 10
3rd pass rz = 0.91
After 192 hours in Boiling Water
Ke = 7,000 + 500 *Pg/1n3/2
For 3,000 < K___ < 6,000 Pg/in2/3
max
1/3 < R < 2/3
frequency = 10 Hz
da inches _
At min. @R=2/3
K = 3500 6000
max
da inches _ -23 6.1
dt min. - 10 x0T KoL a-m®l 8.7 x 107% 2.3 x 1072
2
lst pass r = 0.96
{
i
da inches _ ; 5 y 19722 3.8 (5 py3.6 8.3 x 107% 1.9 x 1072
dt min max
2nd pass r2 = 0.89

‘
I

First of all, the results appear to be dependent on the stress history

imposed on the material. After making an initial set of measurements, the
conditions of maximum stress and amplitude were repeated and new values of
da/dt were calculated. For the as-received material, the rate of propagation

continued to decrease with time and appeared to be less sensitive to the

applied stress.
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The propagation rates measured here are not useful for estimating the
fatigue life of the temnsile specimens used previously, since the effects of
creep, so apparent in the prior tests, do not seem to be as important in the
crack propagation tests, where the magnitude of the load is much less.

The effect of the boiling water was to lower the critical stress intensity

factor, and to make the crack propagation rate much more sensitive to the

stress intensity factor, as would be expected for a weaker and more brittle

material. The stress-history dependence of the water~treated materials was

not as marked as with the as-received materials. After the second pass the

results seemed to stabilize and become much less dependent on stress history.
The mechanism of damage propagation appeared to be the same as in the

graphite reinforced nylons studied previously (17), but the highly ductile

nature of the glass reinforced PBT composites introduced a time and stress

history dependence and a creep effect in the unnotched material that complicated

the fatigue response, manyfold. A much more sophisticated approach will be

required to utilize fracture mechanics data to evaluate the fatigue behavior

of these materials.
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FIG. 13 Scale Shift Factor as a Function of Reduced Stress
(For use with Master Curve Figure 12)
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FIG. 18 <Scanning Plectron Micrograph of Fracture Surface of Specimen
From ropulation 2-FPH H. (Fractured in Ramp Load at 0.2 in/min) { ) magnification
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FIG. 19 Scanning Flectron Micrographs of Fracture Surface of Specimen
From Population 2-RHS55. (Fractured in Fatigue at 1. = 0.85, R = 2/3 and f = 10 hz)

Upper Photo:
LLower Photos

Far FEdge of Surface 650 mag.
Near Center of Surface 700 mag.
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FIG. 20 Scanning Electron Micrograph of Fracture Surface of Specimen From
Population 3-RH100 (Fractured in Ramp Loading at 0.2 in/min) 900 magnification




FIG. 21 Scanning Electron Micrograph of Fracture Surface of Specimen From
Population 4-BW192 (Fractured in Fatigue at L = 0,65, R = 2/3, f = 10 hz)

700 magnification
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FIG. 22 Scanning Electron Micrograph of Fracture Surface of Specimen
From Population 4-BW192 (Fractured in Ramp Loading at 0.2 in/min) 350 magnification
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Table 1

Moduli of Elasticity for Glass Fiber Reinforced PBT
(20% by Volume)

. Population Initial Tangent Modulus of Elasticity

8 (psi)

t

f 1-RH 55 1,120,000 + 100,000 ,
2-RH 55 1,050,000 + 150,000 '
3-RH 100 970,000 + 100,000 '
4-BW 192 940,000 + 100,000
5-HW 504 990,000 + 100,000
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Table 4

— e a

Fatigue Lives and Weibull Distribution Parameters

Stress level

Populations

Time to Break (sec)

i vouz i

L LA

A3}

1
]

L= oMAX/<ob> a t, <t,> r2
1-RH 55 0.82 3.16 4,658 4,169 0.98
1-RH 55 0.74 1.95 36,006 31,901 0.94
2-RH 55 0.90 8.65 383 361 0.95
2-RH 55 0.85 5.57 925 854 0.89
2-RH 55 0.80 6.47 1,718 1,600 0.98
3-RH 100 0.85 1.66 5,480 4,877 0.93
3-RH 100 0.75 1.28 63,213 56,170 0.93
4-BW 192 0.79 1.79 656 583 0.97
4-8BW 192 0.70 3.40 2,740 2,461 0.92
4-BW 192 0.65 2.44 11,788 10,456 0.92
5-HW 504 0.79 5.99 1,065 988 0.99
5-HW 504 0.65 2.46 29,293 25,983 0.97
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